Introduction {#sec001}
============

The highest cellular zinc concentration in the body is within pancreatic beta cells where it plays an essential role in insulin processing, including biosynthesis, secretory granule maturation, and exocytosis \[[@pone.0119136.ref001], [@pone.0119136.ref002]\]. The essential role of zinc in regulating human beta cell function was first identified based on genome-wide association studies that identified zinc efflux transporter 8 (ZnT8) as a significant risk factor for type 2 diabetes \[[@pone.0119136.ref003]--[@pone.0119136.ref007]\]. ZnT8 is localized on insulin secretory vesicles and is the primary transporter that moves zinc from the cytoplasm into these organelles, explaining its requirement for insulin crystallization and proper insulin secretion \[[@pone.0119136.ref008]--[@pone.0119136.ref012]\]. While ZnT8, and thus zinc entry into insulin secretory granules, has been extensively characterized, our knowledge on how zinc enters beta cells through the plasma membrane, and the zinc influx transporters (Zip) involved is still limited. To date, all that is known is that some zinc enters beta cells through voltage gated calcium channels \[[@pone.0119136.ref013]\].

The Slc39a1-Slc39a14 genes encode for the Zip family. Zips are localized either in the cell plasma membrane or in organelle membranes. In the plasma membrane, Zip function is to transport extracellular zinc into the cytosol. In organelles, Zips transport zinc from intra-organelle stores to the cytosol \[[@pone.0119136.ref014], [@pone.0119136.ref015]\]. In beta cells, little is known about the functions of Zips. It was found that mouse beta cells express Zip6, 7, and 8, which are dynamically regulated by extracellular glucose \[[@pone.0119136.ref016]\]. Mouse islets also display some expression of Zip1, Zip9, and Zip14 \[[@pone.0119136.ref013], [@pone.0119136.ref017]\]. Interestingly, quantitative real-time polymerase chain reaction (qPCR) detected mRNA expression of Zip4 in human islets \[[@pone.0119136.ref018]\] and immuno-histochemistry performed in one study reported that Zip4 is also expressed in mouse islet beta cells \[[@pone.0119136.ref019]\]. In enterocytes, a Zip4 loss of function mutation is linked to a disruption of zinc transport through the apical membrane, which leads to a loss of zinc absorption by the intestine. In mice, an enterocyte-specific knockout of the Zip4 gene mimics a disorder similar to *acrodermatitis enteropathica* confirming the pivotal role of Zip4 in the regulation of zinc absorption \[[@pone.0119136.ref020]\].

However, Zip4 function in islet beta cells is unknown. Therefore, in the current study, we aimed to confirm Zip4's role as a zinc transporter that transports zinc through the plasma membrane to enter the cytosol in beta cells.

We first studied Zip4\'s role *in vitro* in beta cells by overexpressing Zip4 in the mouse insulinoma beta cell line MIN6. Zip4 exhibits a diffuse pattern in the whole cell without specific localization in the plasma membrane, mitochondria or endoplasmic reticulum. Zinc imaging experiments were performed to define the role of Zip4 in zinc uptake. Imaging showed that Zip4 promotes an increased accumulation of cytoplasmic zinc, which was correlated to augmented granular zinc content. This increase in the cytoplasmic zinc pool did not change insulin biosynthesis or total insulin content. Nevertheless, insulin secretion was elevated when Zip4 was over-expressed. To further study the origin of this increased insulin secretion, mitochondrial membrane potential (MMP) was monitored and revealed an unchanged glucose-induced hyperpolarization of the MMP. This suggests that the increased insulin secretion is not linked to a modulation of mitochondrial fuel-mediated insulin secretion. Since Zip4 up-regulation *in vitro* modulated intracellular zinc pools and increased insulin secretion, we wanted to know the function of Zip4 *in vivo*. We confirmed Zip4 specific localization in islets by performing immuno-cytochemistry on mouse pancreatic sections. We then generated a new beta cell-specific Zip4 knockout mouse model (Zip4BKO). We confirmed the deletion of the Zip4 gene and showed that Zip4 deletion in mouse beta cells is associated with a slight improvement of glucose homeostasis without changes in insulin secretion. Profiling of other zinc transporters in Zip4BKO islets evidenced an increased expression of Znt8 mRNA. This Znt8 expression change could represent a compensation mechanism that might have masked a phenotype in Zip4 in knockout mice.

Materials and Methods {#sec002}
=====================

Animal care and generation of Zip4 knockout mice {#sec003}
------------------------------------------------

The Animal Care Committee at the University of Toronto approved all experiments. Animals were handled according to the guidelines of the Canadian Council of Animal Care. Deletion of the Zip4 gene was achieved using the Cre/lox recombination system. Briefly, LoxP sites were inserted in exon 5 and downstream of exon 12 of the Zip4 gene ([Fig. 1A](#pone.0119136.g001){ref-type="fig"}). Cre activity is controlled by the pancreatic beta cell specific Ins2 promoter. Therefore, deletion of the portion of Zip4 gene from exon 5 through exon 12 will occur specifically in beta cells when these mice are crossed ([Fig. 1B](#pone.0119136.g001){ref-type="fig"}).

![Generation of Zip4BKO mice.\
A. Schematic of the targeting construct of Zip4 showing the region of the Zip4 gene flanked by the loxP sites. The cre recombinase induced recombination at these loxP sites which results in the excision of the portion of the Zip4 gene that contains 7 exons. B. PCR results obtained from ear skin samples.](pone.0119136.g001){#pone.0119136.g001}

Our beta cell-specific Zip4 mouse model was generated by crossing TgN(Ins2-Cre)25Mgn mice (maintained on an hybrid C57BL/6/129J background) to Zip4loxP/loxP mice (hybrid C57BL/6J/29sv backcrossed six times onto C57BL/6J mice). Then, Ins2Cre+/+ and Zip4+/loxP were interbred for three generations. Offspring expressing the Cre transgene alone were used as control mice (RipCre). From the same litters, offspring expressing the Cre transgene and Zip4loxP/loxP were used as beta cell-specific Zip4KO mice and termed Zip4BKO. Therefore, control RipCre mice and Zip4BKO mice were littermates and had the same mixed genetic background. 6 to 8-week-old male mice were used for all experiments. Mice were genotyped using skin DNA and standard multiplex PCR using flox and Cre primers ([Table 1](#pone.0119136.t001){ref-type="table"}).

10.1371/journal.pone.0119136.t001

###### PCR primer sequences used for mouse genotyping and qPCR.

![](pone.0119136.t001){#pone.0119136.t001g}

  **Gene**            **Forward**                    **Reverse**                  **Accession Number**
  ------------------- ------------------------------ ---------------------------- ----------------------
  *β-actin*           *CTGAATGGCCCAGGTCTGA*          *CCCTGGCTGCCTCAACAC*         NM_007393
  *Cre*               *GGCAGTAAAAACTATCCAGCAA*       *GTTATAAGCAATCCCCAGAAATG*    AB542060
  *Flox*              *AGGAGGAAGAGTAGTGGATTTCAAGG*   *CGAGCCATAGAGATACCCTGTGG*    NM_028064.2
  *Flox (post Cre)*   *AGGAGGAAGAGTAGTGGATTTCAAGG*   *CTTTTCTGGATTCATCGACTGTGG*   
  *Kcnj11*            *GACATCCCCATGGAGAATGG*         *TCGATGACGTGGTAGATGATGAG*    NM_010602
  *Pc1*               *AATGGGCGGCGGAGAT*             *CCAAAAGGTCATACCCCAGTTC*     NM_013628
  *Pc2*               *GCTGGACCAGCCCTTTATGA*         *ATGTCGATCAGTTGAGGCATGT*     NM_008792
  *Cpe*               *CTGATCCACAGCACCCG*            *AAT GCGATGCGGCTTTCTCA*      NM_013494
  *Ins1*              *TGGCTTCTTCTACACACCCAAGTC*     *ACTGATCCACAATGCCACGCTTCT*   NM_008386
  *Zip1*              *ACCGAGTTATCACAGCCACC*         *TGGTTAGCACCTGACCTTCG*       NM_013901.2
  *Zip2*              *AGGAGTAAAAATCGGCTGCCT*        *TGTAGCTGCATCCATCTGGAAC*     NM_001039676.2
  *Zip3*              *TGTAGCCAGGAATACGCCAC*         *TGCCTGTGAAGGTCATCGAG*       NM_134135.1
  *Zip4*              *CGGGCCACCAGCGTATTTA*          *AGGGACTTGTGTTGGCTCTG*       NM_028064.2
  *Zip5*              *ATGGTCAGCCAACGAATGGT*         *TGGACATCTGGGCAGGAATG*       NM_001136237.1
  *Zip6*              *TGGGCGAGATCCTTTCCCTA*         *CAGTCACACGGTTGCTGGTA*       NM_139143.3
  *Zip7*              *GACAGTGTCCAGGTGGTGTT*         *CATGGCCACTCCCACGATAG*       NM_008202.2
  *Zip8*              *AACCAGCTCGAACTTCTCTGC*        *GAAAGACTGGGCTTTGCGTTG*      NM_026228.5
  *Zip9*              *GCAGTTCCAAAATCACCACCA*        *TTGCCCAAGAGCATTCAGTGT*      NM_026244.2
  *Zip10*             *TCACTGTGAGCAACGGAGTC*         *GCTGAACTGCCCATCAAAGC*       NM_172653.2
  *Zip11*             *CTGCCCGCTGGAGAATATGA*         *CAAGGTTACAGCTCCGTGGT*       NM_001166503.1
  *Zip12*             *TCCTCTACTGAGACCGGCAA*         *CAGTGGTCACCAGCAGAGAG*       NM_001012305.2
  *Zip13*             *TGACTGTAACAGGGTCCCCA*         *CTGCCTGTCGCCTGGATAAT*       NM_026721.
  *Zip14*             *TCTGGTTTTCTGAGGTGCAGG*        *GCTCTGGAGACCTCTTTGCG*       NM_001135152.1
  *Znt8*              *AAGCCTGACTACAAAATTGCTGATC*    *GACGGTGCTGGCCAAAAC*         NM_172816.3

Islet isolation and dispersion {#sec004}
------------------------------

Mouse islets were isolated by collagenase digestion of the mouse pancreas and dispersed as described \[[@pone.0119136.ref021]\].

qPCR {#sec005}
----

qPCR analysis was performed as previously described \[[@pone.0119136.ref022]\]. Primers were designed using Primer Express version 2.0 software (Applied Biosystems) and are listed in [Table 1](#pone.0119136.t001){ref-type="table"}. Data were normalized to mouse β-actin mRNA.

Oral glucose tolerance test (OGTT) {#sec006}
----------------------------------

Following a 6-h fast, glucose (1.5 g/kg body weight) was given by oral gavage, and blood glucose was measured at 0, 10, 20, 30, 60, and 120 min from tail vein blood with a glucometer. Blood was centrifuged at 8,000 rpm for 10 min at 4°C. Supernatant (plasma) was used to measure insulin by ELISA (ALPCO). Area under the curve was calculated using GraphPad Prism software.

Cell culture {#sec007}
------------

MIN6 cells \[[@pone.0119136.ref023]\] were cultured in 25mM glucose Dulbecco's modified Eagle's medium (500 mL supplemented with 10% fetal bovine serum, 100 units/ml penicillin/G sodium, 100 μg/ml streptomycin sulphate, 1.7 μL β-mercaptoethanol and without sodium pyruvate).

Slc39a4 overexpression in MIN6 cells {#sec008}
------------------------------------

The Slc39a4 (Zip4) gene was over-expressed using a pCMV6 plasmid carrying Slc39a4 fused to turbo GFP (pCMV6-Zip4GFP; Origene; Slc39a4 NM_028064 Mouse cDNA ORF Clone). MIN6 cells used for cytoplasmic zinc imaging were seeded on 22mm coverslips in 6 well culture plates. After 48h culture, 400 μL of opti-MEM reduced serum media containing 2 μL of Lipofectamine 2000 and 0.5 μg of pCMV6-Zip4GFP was added to 1 mL of Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum with 50 units/ml penicillin/G sodium, 50 μg/ml streptomycin sulphate. MIN6 cells used for granular zinc and MMP imaging were also seeded on 22mm coverslips in 6 well culture plates and cultured following the protocol detailed above, and Zip4 was overexpressed with 5 μL of Lipofectamine 2000 and 2.5 μg of pCMV6-Zip4GFP. MIN6 control cells were transfected with 2.5 μg of control pcDNA-eGFP plasmid and 5 μL of Lipofectamine 2000. For glucose-stimulated insulin secretion (GSIS), MIN6 cells were seeded in 96 well plates and cultured for 24h. Then, 10 μL of opti-MEM reduced serum media containing 0.1 μL of Lipofectamine 2000 and 0.034 μg of pCMV6-Zip4GFP was added to 50 μL of Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum with 50 units/ml penicillin/G sodium, 50 μg/ml streptomycin sulphate. After 72h transfection, the media was replaced with fresh Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 50 units/ml penicillin/G sodium, 50 μg/ml streptomycin sulphate and MIN6 cells were allowed to recover by culturing them for an additional 12h. Control MIN6 cells used for GSIS were transfected with 0.1 μL of Lipofectamine 2000 and 0.034 μg of pcDNA-eGFP following the protocol detailed above.

Immuno-histochemistry, dithizone and cellular compartment staining {#sec009}
------------------------------------------------------------------

Pancreatic section were obtained, processed and stained with an anti-mouse polyclonal Zip4 antibody (1/200; Pierce antibody products, ThermoScientific) as previously described \[[@pone.0119136.ref010]\]. Dispersed islet cells were fixed in 4% (vol./vol.) paraformaldehyde for 15 min, permeabilized with 0.2% (vol./vol.) Triton-X-100 for 10 min and blocked overnight in 5% (wt/vol.) BSA and 0.1% (vol./vol.) Triton-X-100 at 4°C. Cells were then labelled overnight at 4°C with a rabbit polyclonal anti-Zip4 (1:1000) antibody described in \[[@pone.0119136.ref024]\], anti-insulin (0.05 mol/l; DAKO, Glostrup, Denmark), and monoclonal anti-glucagon (1:300; Sigma) antibodies. Cells were then stained at room temperature for 30 minutes with Cy5-conjugated anti-rabbit, FITC-conjugated anti-guinea pig or FITC-conjugated anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) respectively. Next, cells were washed and mounted on glass slides. Images were acquired using a software package (LSM510; Zeiss, Thornwood, NY, USA) on a confocal microscope with 488/633 nm excitation laser line and 545 nm beam-splitter and a 63X objective. Dithizone staining was performed by incubating islets in a solution of PBS-dithizone solution at room temperature for 20 minutes. Color images of islets were taken on a Zeiss Axioplan 2 imaging system. MIN6 cell plasma membrane was stained with 30 μg/mL of WGA Alexa Fluor 555 conjugate (Invitrogen) for 5 min at room temperature in DPBS. MIN6 cell mitochondria were stained with 0.5 μM MitoTracker Red CMXRos (Invitrogen) in a cell culture incubator for 45 min. Then, cells were rinsed three times in DPBS and fixed in a solution of 4% PFA for 15 min. Once fixed, cells were permeabilized with 0.2% (vol./vol.) Triton-X-100 for 15 min. Nuclei were revealed by incubating MIN6 cells with TO-PRO-3 (2 μg/mL) for 15 min at room temperature. To stain the endoplasmic reticulum, MIN6 cells transfected with pCMV6-Zip4GFP were blocked overnight in 5% (wt/vol.) BSA and 0.1% (vol./vol.) Triton-X-100 at 4°C. The endoplasmic reticulum was stained using a primary rabbit KDEL antibody (1/200 dilution in PBS-1%BSA-0.1%Triton-X-100 (vol./vol.)) incubated with MIN6 cells for 12h at 4°C. Then, a donkey Alexa 555 anti-rabbit antibody ((1/500 dilution) in PBS-1% BSA-0.1% Triton-X-100 (vol./vol.) was applied to the cells for 2h at room temperature. Once stained, MIN6 cells were mounted with the anti-fade pro-Gold mounting media (Invitrogen) and a coverslip. Images were acquired using a software package (LSM510; Zeiss, Thornwood, NY, USA) on a confocal microscope with 488/633 nm excitation laser line and 545 nm beam-splitter and a 63X objective. Background staining was removed from the mitotracker red images. Then co-localization was calculated with the Pearson's correlation coefficient using the Image J software package \[[@pone.0119136.ref025]\].

Glucose stimulated insulin secretion (GSIS) {#sec010}
-------------------------------------------

Briefly, MIN6 cells were preincubated for 60 minutes in a glucose-free Krebs-Ringer HEPES buffer (125 mM NaCl, 5.9 mM KCl, 1.28 mM CaCl2, 5.0 mM NaCO3, 25 mM HEPES, and 0.1% (w/v) bovine serum albumin, KRB). Following this preincubation, MIN6 cells were incubated for 90 min with KRB without glucose, or with KRB containing 10 mM D-glucose. Insulin from the supernatant was measured using a fluorescence resonance energy transfer based immunofluorescent assay following the manufacturer's protocol (Cisbio US). Total insulin content was measured by applying two cycles of freeze-thaw in a −80 freezer to lyse the MIN6 cells. Then, insulin was measured using the same fluorescence resonance energy transfer based immunofluorescent assay.

Zinc imaging {#sec011}
------------

Fluorescent imaging experiments were performed in imaging buffer (130 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 MgCl2, 5 mM NaHCO3, 10 mM Hepes) supplemented with 200 nM of Tetrakis-(2-Pyridylmethyl) ethylenediamine (TPEN). Fluozin-3AM was used to measure zinc levels in the cytoplasm of MIN6 cells. MIN6 cells were incubated with 2 μM Fluozin-3AM and incubated 45 min in a cell culture incubator. Fluozin-3AM was excited with a 480 nm wavelength and emission was measured with 525 nm band pass filter using 505 nm beam splitter. Following zinc supplementation, the rate of zinc production was calculated by applying a linear curve fit and calculating the slope over the first 400 sec of the fluorescence increase with the Igor software (Wavemetrics), as was the area under the curve. Granular zinc content was estimated with the low affinity zinc dye zinquin. MIN6 cells were incubated with 2 μM zinquin in imaging media in the absence of glucose. Zinquin emission was monitored using 365-nm excitation, 375-nm beam splitter, and 385-nm long-pass filter.

Mitochondrial membrane potential {#sec012}
--------------------------------

Imaging experiments were performed with a similar imaging buffer solution described in the zinc imaging methods section above. MIN6 cells were washed three times with imaging buffer and incubated with 10 μg/mL of rhodamine123 for 15 min in the absence of glucose. After rhodamine123 incubation, MIN6 cells were rinse 3 times with 2 mL of imaging buffer. The experiment was performed on a microscope set-up described previously \[[@pone.0119136.ref013]\]. An excitation wavelength of 545 nm was used combined with a 550 nm dichroic filter and 600--650 nm band pass emission filter \[[@pone.0119136.ref026]\].

Statistical analysis {#sec013}
--------------------

Data are expressed as means ± SE. Significance was determined using Student's t-test or two-way repeated measures ANOVA with Tukey-Kramer or Bonferroni's post-hoc test for OGTT results. cc ˂0.05 was considered statistically significant.

Results {#sec014}
=======

Role of Zip4 in MIN6 beta cells {#sec015}
-------------------------------

MIN6 cells were transfected with a pCMV6-Zip4GFP plasmid. As GFP is fused to the c-terminal end of Zip4, it can be localized with a fluorescent capable microscope ([Fig. 2A](#pone.0119136.g002){ref-type="fig"}). qPCR was performed on control and Zip4 plasmid transfected MIN6 cells. qPCR demonstrated that transfection significantly increased expression of Zip4 ([Fig. 2B](#pone.0119136.g002){ref-type="fig"}; 3 independent experiments). Confocal microscopy experiments combined with organelle staining were performed to precisely locate Zip4 in beta cells. Subcellular localization of Zip4 was studied using co-staining for plasma membrane, mitochondria and endoplasmic reticulum (ER). Pearson's correlation calculations were performed to evaluate the level of co-localization between Zip4 and various organelles. Plasma membrane was stained with the WGA Alexa Fluor 555 conjugate stain (Invitrogen). Interestingly, Zip4 was not specifically localized on the membrane of beta cells ([Fig. 2D](#pone.0119136.g002){ref-type="fig"}; left panels) as an average Pearson Correlation Coefficient (PCC) of 0.149±0.024 was calculated, ([Fig. 2C](#pone.0119136.g002){ref-type="fig"}; n = 12, 3 independent experiments). Zip4 had a diffuse staining pattern and was not specifically localized in any organelle investigated as confirmed by low overall PCC values ([Fig. 2C](#pone.0119136.g002){ref-type="fig"}, [Fig. 2D](#pone.0119136.g002){ref-type="fig"}; middle panels). Mitotracker Red CMXRos dye was used to stain mitochondria and revealed a low PCC value of 0.339±0.045 between Zip4 and stained mitochondria ([Fig. 2C](#pone.0119136.g002){ref-type="fig"}; n = 12, 3 independent experiments). ER was revealed by immunostaining for the ER retention c-terminal sequence KDEL ([Fig. 2D](#pone.0119136.g002){ref-type="fig"}; right panels). Confocal images and an average PCC value of 0.32±0.011 suggest that Zip4 is also not specifically localized on the ER ([Fig. 2C](#pone.0119136.g002){ref-type="fig"}; n = 6, 3 independent experiments).

![Localization of Zip4 in MIN6 cells.\
A. Field of view of MIN6 cells transfected with the pCMV6-Zip4GFP plasmid. B. Expression of Zip4 was measured by qPCR performed on MIN6 cells transfected with pCMV6-Zip4GFP plasmid C. Co-localization was estimated with the Pearson correlation coefficient analysis calculated from confocal images obtained from the FITC and Cy3 channel. D. Confocal images of pCMV6-Zip4GFP transfected MIN6 cells after staining of the nucleus with TOPRO-3, plasma membranes with WGA Alexa Fluor 555, mitochondria with MitoTracker Red CMXRos or the endoplasmic reticulum (ER) with immunostaining of KDEL.](pone.0119136.g002){#pone.0119136.g002}

Zinc fluorescent imaging experiments were performed to study the role of Zip4 in the regulation of zinc pools in MIN6 beta cells. Fluozin-3AM is a fluorescent zinc probe that detects the cytoplasmic zinc pool. Upon addition of zinc, we found that overall zinc levels were increased by 18% when Zip4 was overexpressed ([Fig. 3A-C](#pone.0119136.g003){ref-type="fig"}; n = 34, 2 independent experiments). As zinc is known to specifically accumulate in insulin granules, we estimated the total granular zinc content with the zinc dye zinquin. Interestingly, MIN6 cells overexpressing Zip4 also displayed a significant increase of granular zinc content ([Fig. 3D, E](#pone.0119136.g003){ref-type="fig"}, n = 34--44, 3 independent experiments).

![Role of Zip4 in zinc transport in MIN6 cells.\
A. Fluorescent images (left panels) and 2 representative traces (right panel) of zinc cytoplasmic levels measured with FluoZin-3AM in MIN6 control and pCMV6-Zip4GFP transfected MIN6 cells. B. Following supplementation of 100 μM Zinc, the rate of zinc increase was calculated by applying a linear curve fit and calculating its slope over the first 400 seconds of the fluorescence increase. C. The overall area under the FluoZin-3AM curve in response to 100 μM Zn^2+^ was calculated in control MIN6 and pCMV6-Zip4GFP transfected MIN6 cells. D. Granular zinc content was estimated with the low affinity zinc dye zinquin in MIN6 cells transfected with pcDNA-eGFP (control condition) and pCMV6-Zip4GFP. E. Overall zinquin intensity in control MIN6 and pCMV6-Zip4GFP transfected MIN6 cells. \*. p˂0.05; \*\*\*. p˂0.001.](pone.0119136.g003){#pone.0119136.g003}

We studied the role of Zip4 in GSIS and insulin biosynthesis. The insulin secretion in control MIN6 cells in presence of 10 mM glucose (high glucose) was 3.04±0.09 ng/well. Zip4 overexpression in MIN6 cells significantly increased insulin secretion to 4.16±0.16 ng/well ([Fig. 4A](#pone.0119136.g004){ref-type="fig"}, 12--16 replicates per condition, 3 independent experiments). Despite this increase, total insulin content was unchanged when Zip4 was overexpressed ([Fig. 4B](#pone.0119136.g004){ref-type="fig"}, 12--16 replicates per condition, 3 independent experiments). Mitochondrial respiration was estimated by measuring mitochondrial membrane potential (MMP). Overexpression of Zip4 did not change glucose-induced hyperpolarization of MMP or the overall mitochondrial capacity, tested by adding 20 mM NaN~3~ ([Fig. 4C](#pone.0119136.g004){ref-type="fig"}, n = 200, 3 independent experiments). Overexpression of Zip4 also did not change mRNA expression of insulin (Ins1), or the insulin processing enzymes prohormone convertase (Pc) 1 and endoprotease carboxypeptidase E enzyme (CpE) ([Fig. 4D](#pone.0119136.g004){ref-type="fig"}, 3 independent experiments). Interestingly, Pc2 mRNA expression was decreased ([Fig. 4D](#pone.0119136.g004){ref-type="fig"}, 3 independent experiments). Because we observed that up-regulation of Zip4 in MIN6 cells produced an increase in cytosolic zinc accumulation along with a stimulation of insulin secretion in the presence of high glucose, we then studied the function of Zip4 *in vivo*.

![Role of Zip4 in insulin secretion in MIN6 cells.\
A. Glucose stimulated insulin secretion (GSIS) from MIN6 transfected with control vector pCMV-eGFP and MIN6 cells overexpressing Zip4 (pCMV6-Zip4GFP) in presence (10 mM G) or absence of glucose (0 mM G). B. Total insulin content. C. Representative images (left panels) and average mitochondrial membrane potential traces (right panel) monitored in MIN6 cells with Rhodamine123 in absence of glucose (0 mM G), 10 mM glucose (10 mM G), and 10 mM glucose and 20 mM sodium azide (NaN3). D. mRNA expression of genes indicated in MIN6 cells.\*. p˂0.05; \*\*\*. p˂0.001.](pone.0119136.g004){#pone.0119136.g004}

Zip4 localization in the pancreatic tissue {#sec016}
------------------------------------------

To locate Zip4 specifically in the pancreatic tissue, mouse pancreatic sections were stained with a polyclonal Zip4 antibody. Immuno-cytochemistry revealed Zip4 protein expression specifically in islets and its absence from the acinar tissue ([Fig. 5](#pone.0119136.g005){ref-type="fig"}, 3 independent experiments).

![Localization of Zip4 in the pancreas.\
Bright field images of Zip4 immuno-cytochemistry in mouse pancreatic sections.](pone.0119136.g005){#pone.0119136.g005}

Genotyping and deletion of the Zip4 gene in the Zip4BKO mice {#sec017}
------------------------------------------------------------

We generated a beta cell specific Zip4 knockout (Zip4BKO) mouse model as described in the materials and methods ([Fig. 1](#pone.0119136.g001){ref-type="fig"}). To confirm the genotype of Zip4BKO mice, genomic DNA was extracted from skin, liver and pancreatic islets and PCR was performed. Flox primers (forward, reverse and post-cre) were used to validate recombination. The wild type, floxed and recombined Zip4 gene corresponded respectively to fragments of 187, 227 and 400 bp in size ([Fig. 6A](#pone.0119136.g006){ref-type="fig"}). In RipCre mouse tissues, the only fragment band was the wild type Zip4 fragment. In Zip4BKO skin and liver genomic DNA presented a floxed Zip4 fragment. The genomic DNA from pancreatic islets presented the knock-out fragment which showed the presence of the recombined allele. Moreover, pancreatic islets also displayed a Zip4 floxed fragment originating from non-beta cells (alpha, delta, PP cells, [Fig. 6A](#pone.0119136.g006){ref-type="fig"}). qPCR was performed on RipCre and Zip4BKO islets. Zip4 mRNA was detected at low levels in RipCre islets. Nevertheless, Zip4 mRNA was not detected in Zip4BKO islets ([Fig. 6B](#pone.0119136.g006){ref-type="fig"}, 3 groups of mice per genotype). Zip4 expression in the ileum was used as a positive control ([Fig. 6C](#pone.0119136.g006){ref-type="fig"}, 3 mice). Dispersed islet cells from RipCre and Zip4BKO mice were stained for insulin, glucagon and Zip4. In RipCre mice, insulin and Zip4 were co-localized in numerous cells. In Zip4BKO mice, co-localization was not seen ([Fig. 6D](#pone.0119136.g006){ref-type="fig"}). Glucagon positive islet cells were not positive for Zip4 ([Fig. 6E](#pone.0119136.g006){ref-type="fig"}). Dithizone staining was performed on isolated mouse islets to assess the islet zinc content. No difference of dithizone staining was observed between RipCre and Zip4BKO islets indicating similar total zinc content ([Fig. 6F](#pone.0119136.g006){ref-type="fig"}).

![Deletion of Zip4 in Zip4BKO mice.\
A. PCR results from skin, liver and islet DNA samples showing the wild type (WT), LoxP/LoxP and recombined Zip4 allele. The Zip4 WT allele (187bp) is present in all the different sample of the control RipCre mouse. In the Zip4BKO, LoxP/LoxP Zip4 allele (227bp) is present in all the tissues. Islet DNA of Zip4BKO displays recombined Zip4 gene (400bp) which shows effectiveness and specificity of the Cre lox recombination system. B. qPCR of Zip4 from control RipCre and Zip4BKO isolated islets. C. qPCR was using the ileum as a positive control. D&E immunohistochemistry experiments were performed on dispersed islet cells to co-stain for insulin and Zip4 (D) and glucagon and Zip4 (E). F. Dithizone staining and its quantification in RipCre and Zip4BKO islets.](pone.0119136.g006){#pone.0119136.g006}

Glucose homeostasis in Zip4BKO mice {#sec018}
-----------------------------------

At 8 weeks of age, RipCre and Zip4BKO mice had similar body weights ([Fig. 7A](#pone.0119136.g007){ref-type="fig"}; 7 mice per group). To determine the *in vivo* effect of beta cell specific deletion of Zip4 we performed oral glucose tolerance tests (OGTT) on RipCre and Zip4BKO mice. Zip4BKO mice showed a slight improvement in glucose homeostasis at 30 min ([Fig. 7B](#pone.0119136.g007){ref-type="fig"}, 7 mice per group). Nevertheless, there was no difference in the area under the glucose curve ([Fig. 7C](#pone.0119136.g007){ref-type="fig"}; 7 mice per group). The corresponding insulin secretion in RipCre and Zip4BKO mice was not changed during the OGTT ([Fig. 7D](#pone.0119136.g007){ref-type="fig"}; 5 mice per group).

![In-vivo characterization of Zip4BKO mice.\
A. Average body weights of 8 week old RipCre and Zip4BKO mice. B. Oral glucose tolerance test in RipCre and Zip4BKO mice and the corresponding area under the blood glucose curve (C). D. Plasma insulin secretion measured during oral glucose tolerance test. \*. p˂0.05.](pone.0119136.g007){#pone.0119136.g007}

Zinc transporter expression in Zip4BKO mouse islets {#sec019}
---------------------------------------------------

Zip1--14 and Znt8 expression was measured in islets from Zip4BKO mice. Expression of most of the Zip transporters was unchanged in Zip4BKO islets. Znt8 mRNA expression was elevated above control, though not significantly ([Fig. 8](#pone.0119136.g008){ref-type="fig"}; 3 independent experiments).

![mRNA expression of zinc transporters in islets of Zip4BKO mice.\
Zip family and Znt8 transcript expression in Zip4BKO mouse islets normalized to control RipCre mouse islets.](pone.0119136.g008){#pone.0119136.g008}

Discussion {#sec020}
==========

The critical role of zinc in insulin biosynthesis in beta cells has been known for more than 30 years \[[@pone.0119136.ref001], [@pone.0119136.ref002]\]. Briefly, zinc assembles with proinsulin to form hexamers inside the golgi apparatus. Following this, proinsulin is directed in early secretory vesicles where it goes through a series of enzymatic cleavages performed by Pc1, Pc2, and CpE enzymes \[[@pone.0119136.ref002], [@pone.0119136.ref027], [@pone.0119136.ref028]\]. These enzymatic cleavages result in the formation of c-peptide and insulin. Finally, zinc forms a crystal with insulin allowing the formation of dense cores characterizing fully mature insulin vesicles \[[@pone.0119136.ref001]\]. Therefore, how zinc enters beta cells represents a critical question in our overall knowledge of zinc in beta cell physiology. To date, little is known about zinc entry in these cells. Zip4 has been localized in human and mouse islet beta cells \[[@pone.0119136.ref018], [@pone.0119136.ref019]\]. However, its function in beta cell physiology is unknown. We hypothesized that Zip4 transports extracellular zinc into beta cells. To study Zip4's function in zinc transport and insulin secretion in beta cells, we first used mouse insulinoma MIN6 cells. Zip4 overexpression approach was chosen for the following two reasons. First, it has been shown that zinc transporter gene deletion can be associated with compensation mechanisms at the level of gene expression of other zinc transporters \[[@pone.0119136.ref026]\]. These mechanisms could have masked a specific role of Zip4. Secondly, previous Zip expression profiling performed with qPCR in MIN6 cells revealed that Zip4 is minimally expressed \[[@pone.0119136.ref011], [@pone.0119136.ref013], [@pone.0119136.ref017], [@pone.0119136.ref018]\]. Zip4 was over-expressed by transfecting MIN6 cells with a pCMV6-Zip4GFP plasmid. Based on a previous Zip4 study in enterocytes, which located Zip4 on their apical surface \[[@pone.0119136.ref019], [@pone.0119136.ref029]\], we anticipated that Zip4 would be located on the plasma membrane of MIN6 cells. Interestingly, our co-localization experiments revealed that overexpressed Zip4 displays a diffuse staining pattern and a lack of specific localization in plasma membrane, endoplasmic reticulum, or mitochondria. Our study was designed to decipher the role of Zip4 under the condition of physiological levels of zinc. Nevertheless, multiple studies showed that zinc deficiency in the diet can increase the expression of Zip4 in enterocytes as well as concentrates its expression in the apical membrane \[[@pone.0119136.ref019], [@pone.0119136.ref029]--[@pone.0119136.ref034]\]. Therefore, we cannot rule out that Zip4 expression and its cellular localization in pancreatic beta cells follows a similar regulation under low zinc conditions.

The Zip transporter group moves zinc into the cytosol from the extracellular compartment and intracellular organelles \[[@pone.0119136.ref014], [@pone.0119136.ref015]\]. Therefore, we expected to obtain higher levels of cytosolic zinc due to the enhanced zinc efflux activity of Zip4. FluoZin-3AM is a cell-permeant zinc fluorescent dye that allowed us to measure accumulation of zinc in the cell cytosol \[[@pone.0119136.ref035]\]. Fluozin3-AM showed that Zip4 up-regulation increased zinc accumulation in the cytosol. Elevated levels of zinc in the cytosol supports the hypothesis of localization of Zip4 in the plasma membrane. Thus, we cannot completely rule out the hypothesis that some Zip4 was located in the plasma membrane in the Zip4 overexpression condition. It is known that increased granular zinc content can be beneficial for insulin secretion as shown by overexpressing Znt8 in MIN6, which stimulates GSIS \[[@pone.0119136.ref009]\]. This allows more insulin to be stored in insulin granules and therefore increase insulin secretion under glucose stimulation. In the current study, we used the low affinity zinc dye zinquin, which specifically reflects zinc accumulation in granules \[[@pone.0119136.ref036]\]. Zinquin fluorescence was significantly higher when Zip4 was upregulated and shows increased accumulation of zinc in MIN6 insulin granules. This may have originated from increased activity of granular Znt8 in order to counteract the elevated cytoplasmic zinc concentration. Therefore, the increased cytosolic zinc accumulation resulted in increased zinc content in insulin granules, thus stimulating insulin secretion.

Zinc is also a regulator of the TCA cycle, mitochondrial transport chain, and glycolytic enzymes \[[@pone.0119136.ref037]\]. We hypothesized that the altered zinc uptake in mitochondria may modulate the overall mitochondrial respiration in MIN6 cells to promote the insulin secretion increase. To test this, we recorded MMP and did not see any difference in the glucose-induced hyperpolarization of the MMP. Therefore, it is unlikely that the increased glucose stimulated insulin secretion is triggered by a modulation of mitochondrial function.

Insulin biosynthesis and processing were evaluated with the measurements of mRNA expression of Ins1, Pc1, Pc2, CpE and total insulin content in MIN6 cells. qPCR did not reveal increased expression of these genes, nor increased total insulin content. Therefore, it is unlikely that the increased insulin secretion originated from an increased biosynthesis and processing of insulin in MIN6 cells. Moreover, decreased level of Pc2 expression suggested that improper insulin processing might have occurred when Zip4 was upregulated. The assay to quantify insulin measures both pro-and mature insulin. Therefore, defects of insulin processing cannot be ruled out.

Modulation in cytoplasmic zinc levels and paracrine effect of zinc release can be associated with changes in cell death in beta cells \[[@pone.0119136.ref038], [@pone.0119136.ref039]\]. The absence of a significant change in insulin expression and total insulin content suggests that Zip4 is not involved in the zinc-mediated cell death.

Since Zip4 up-regulation *in vitro* in MIN6 cells augmented cytosolic zinc accumulation and insulin secretion and biosynthesis, we wanted to know the role of Zip4 in beta cells *in vivo*. To date, in-situ hybridization \[[@pone.0119136.ref019]\] and qPCR experiments \[[@pone.0119136.ref018]\] showed expression of Zip4 mRNA in pancreatic islets. Thus, we wanted to confirm the protein expression of Zip4 in islets. We stained mouse pancreatic sections, which confirmed the presence of Zip4 in islet cells.

We then generated a beta cell-specific Zip4 mouse model. Based on our MIN6 cell data, we expected that loss of Zip4 would reduce cytosolic zinc accumulation and insulin secretion, and thus produce a glucose intolerant phenotype in Zip4BKO mice. Surprisingly, deletion of the Zip4 gene from beta cells in our mouse model resulted in a small improvement of glucose tolerance at 30 min during OGTTs and was not associated with any change in insulin secretion. Overall, our Zip4BKO mouse phenotype did not show Zip4 as mediator of extracellular zinc transport in beta cells. Two hypotheses may explain the absence of this phenotype in the Zip4BKO mouse model. Firstly, Zip4 expression in enterocytes has been shown to be closely linked to zinc content in food \[[@pone.0119136.ref019], [@pone.0119136.ref029]--[@pone.0119136.ref034]\] More precisely, zinc deficiency increases Zip4 abundance in enterocytes and promotes translocation of Zip4 in its apical membrane to increase intestinal zinc absorption. In our study, mice were not deprived of zinc, which might have minimized the impact of the loss of Zip4 on the beta cell physiology. Secondly, compensatory mechanisms originating from increased expression of other zinc transporters have been observed when Znt8 was deleted \[[@pone.0119136.ref026]\]. In this study, Znt8 expression level was increased when Zip4 was knocked-out which may have allowed beta cells to pump more zinc into insulin granules. This efficient mechanism may have prevented a decrease of granular zinc content and therefore protected insulin secretion. This supports the unchanged total islet zinc content in Zip4BKO observed with dithizone staining.

In conclusion, we first show here that Zip4 protein is located in pancreatic beta cells. Second, Zip4 up-regulation *in-vitro* can increase zinc accumulation in the cytosol and granules of beta cells, leading to stimulated insulin secretion. Third, Zip4 is not essential in mouse for normal beta cell physiology and insulin secretion *in-vivo*.
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